Appendix 1: Pre-and post-assessment quizzes for fall 2015, 2016, and 2017
• Page 3 of this document includes the identical pre-and post-assessment quizzes that were administered to students in Fall 2015.
• Page 4 of this document includes the identical pre-and post-assessment quizzes that were administered to students in Fall 2016 and Fall 2017. In Fall 2016, we clarified questions 3A and 3D by using arrows which specifically directed students to a circled unit of the cell envelope. The Fall 2015 assessment quizzes did not include the circle. The Fall 2016 and Fall 2017 quizzes were identical. o Despite discussions associated with bacterial lipopolysaccharide and lipid A in previous classes and figures in the Chapter 1 pre-reading assignment, students struggled with Question 3A. The addition of the circle around lipid A for the Fall 2016 quizzes did not significantly increase the number of correct answers compared to Fall 2015 (Fig. 3A, B) . In Fall 2017, question 3A post-assessment scores were significantly better than preassessment scores (Fig. 3C) . o While students performed better on question 3D with the Fall 2016 version compared to the Fall 2015 version, this question showed no significant improvements between the pre-and post-assessment in either Fall 2015 , 2016 , or 2017 ).
• Page 5 of this document includes the instructor key for the Fall 2016 assessment quiz. Since the answers were identical for both versions, it applies to the Fall 2015 and Fall 2016 assessment quizzes.
Name: ___________________________________________ Fall 2015 Pre-and post-assessment quiz 1. You are observing a cell through a microscope and note that it has no apparent nucleus. -Recall the structural similarities and differences between gram-negative and gram-positive bacteria.
Cast
• 4 students acting as phospholipids.
Notes: If the class size is small, limit the lipids to 2-3 students. If the class size is larger and additional students are available to participate, the lipid bilayer may be represented by forming two lines of students facing each other with their arms representing hydrophobic fatty acid tails and their bodies representing hydrophilic, polar head groups. Once the overall structure of the lipid bilayer is established, students should form a single line so that everyone can see and participate in the activity (Appendix 5).
Introduce and describe Act I.
The purpose of Act I is to reacquaint students with the structural similarities and differences between gram-positive and gram-negative bacterial cells and the components and structure of a cell membrane and cell wall. By representing the cell membrane components, students should discuss the arrangement of the lipid molecules, polarity of lipids, and the presence of proteins in cell membranes. Students should demonstrate comprehension in the structure of the tightly packed lipid bilayer, the functionality of the membrane, permeability of a cell membrane to molecules, and cell membrane characteristics associated with the polarity of lipids.
Suggested Prompts Scene 1: What are the major cellular components that provide bacterial structural features?
The students are prompted to begin stating the structural features of bacterial cells. Given their prior knowledge and pre-reading assignment, many students should volunteer the relevant structural features, such as the cell membrane or cell wall. When asked about the composition of the cell wall, students should answer with peptidoglycan or major molecules that compose the peptidoglycan. To further the discussion after establishing the location of the cell membrane and peptidoglycan, ask "what is on the 'other side' of cell membrane". Once students state cytoplasm, pose a trick question: "Where is the nucleus located in relation to the lipids?" The students should recall that prokaryotic cells do not have nuclei. Further discussion should lead to students recalling that gram-negative bacteria have an outer membrane and periplasmic space.
Scene 2: How are phospholipids arranged and why?
The students should understand that lipids are packed tightly together to form an impermeable barrier between the inside and outside of the cell. Prompt discussions by asking questions related to the polarity of phospholipid molecules (hydrophilic head groups and hydrophobic tails) and how the polarity affects the arrangement of the molecules and formation of the lipid bilayer. At this point, the students are instructed to model the cell membrane. Ask for students to volunteer to be phospholipids and to line up and face the rest of the group. Give each volunteering student a name tag (Appendix 3) which identifies him/her as a phospholipid. To demonstrate the impermeability of the membrane, students should be lined up shoulder to shoulder (Appendix 5). Instructors can further demonstrate an inability to physically "pass" through the tightly-formed, student-based phospholipid membrane. Students should openly discuss the types of proteins that can be found associated with or embedded within membranes. Instructors should welcome brief discussions about any membrane-bound protein. After a few minutes, ask students about other major cell components. As the students describe proteins or components, ask for their respective function and location within the cell. Before ending the Act I discussion, remind students that this activity only models a tiny portion of the membrane and that the cellular dynamics are occurring on a much larger scale.
Points of confusion or clarification in Act I:
• Lack of nucleus. When asked about the nucleus of the bacterial cell, some students responded incorrectly by stating that it was inside the cytoplasm. If needed, clarify and/or discuss the differences between prokaryotic cells and eukaryotic cells.
• Lipid bilayer. Students may forget that the bilayer is still present due to the lack of physical representation in the activity. Remind them that the lipids are actually a bilayer.
• Outer membrane. Clarify that we are modeling a gram-positive bacterium and establish that the outer membrane is found only in gram-negative bacteria.
• Periplasmic space. Clarify that we are modeling a gram-positive bacterium and establish that the periplasmic space is found only in gram-negative bacteria.
• Porins. Students recalled that different proteins may be found in the cell membrane, but some students included porins. Identify this misconception and clarify that porins are located in the outer membrane of Gram-negative bacteria. This activity models a gram-positive bacterium, so the outer membrane and its porins are not included.
ACT II: Peptidoglycan Structure, Linkages, and Transpeptidases
Act 2 takes 15-20 minutes and addresses SLOs 2 and 3:
• Discuss the molecular subunits of peptidoglycan and how enzymes link the molecules.
• Explain how the linked structure of peptidoglycan provides mechanical strength. Cast
• 10 students acting as N-acetylmuramic acid (NAM) molecules • 10 students acting as N-acetylglucosamine (NAG) molecules • 4 students acting as penicillin-binding proteins (PBPs) Notes:
• Based on class size, the number of students chosen to represent each molecule can be adjusted. The total number of NAMs and NAGs should be approximately equal, and there should be no more than one PBP per 2-4 NAMs.
Introduce and describe Act II.
The purpose of Act II is for students to demonstrate formation of the peptidoglycan layer, highlighting the major molecules and the types of linkages. By representing the peptidoglycan components, students identify the NAG and NAM molecules and explain their arrangement. Students should demonstrate comprehension of how the NAG and NAM molecules form glycosidic linkages for generating layers of peptidoglycan and how NAM molecules within the layers form peptide crosslinks to strengthen the cell wall. By the end of Act II, students should be able to explain the mechanism of crosslinking and relate how the cell wall structure correlates with its function.
Suggested Prompts Scene 1: What major molecules compose the peptidoglycan? How are these molecules ordered and connected to form layers?
Students should answer the first question with N-acetylmuramic acid and N-acetylglucosamine, sugar molecules which are often abbreviated as NAM and NAG, respectively. Once these two sugars have been correctly identified as the major subunits, ask for students to participate as NAM and NAG molecules and physically form layers of the cell wall. Student volunteers will wear name tags (Appendix 3) identifying their role in the cell. As students form the peptidoglycan, emphasize the location of the cell wall compared to the membrane. Ensure that the students are forming several layers parallel to the membrane. Students may initially struggle with organization. Rather than passively watching, non-participating students should be prompted to actively assist with the organization of the participating students. The students should recall that the subunits form repeating monomers, so make sure that the NAMs and NAGs are alternating within the layers. After students have successfully established several layers of the peptidoglycan, point out that an organized group of molecules provides no structural support or protection to the cell. Demonstrate a lack of structural support or function by walking between students to reach the cell membrane. Students should recall that linkages between the molecular subunits provide peptidoglycan strength. When students respond that glycosidic bonds allow formation of peptidoglycan layers, mention that transglycosylase enzymes catalyze formation of these bonds. Instruct the NAMs and NAGs to hold hands or grip arms with adjacent students in order to establish the glycosidic bonds that form within the peptidoglycan layer. Ask the students, "What is the body's natural antimicrobial and how does it affect the peptidoglycan?" This question should prompt the answer of lysozyme and discussion about its activity of cleaving the glycosidic bonds between the NAMs and NAGs. Point out that while the glycosidic linkages within layers provide some strength, osmotic pressure from within the cytoplasm would cause the cell to lyse without another type of linkage. Remind students of the game, Red Rover, and indicate the similarities of their current setup -no single layer has very much strength and the peptidoglycan layers fail to offer as much protection as the cell needs. Students may now release arms, but remind them that the glycosidic linkages remain.
Scene 3: What other linkages could be added to increase strength? What type of bonds crosslink the layers? Which of the two subunits are linked by these bonds? How are these crosslinks formed?
Students should recall that linkages form between the layers of peptidoglycan and that peptide bonds form these cross linkages. If the students do not respond or respond incorrectly to the first question, ask the class, "Would you feel stronger if you were able to link arms with more people?" This question should start a discussion about the cross linkages between the peptidoglycan layers. Despite having learned about peptidoglycan in introductory microbiology courses and seeing textbook figures in the pre-reading assignment, it is common for students to not realize that only the NAM sugars form peptide bonds with other NAM sugars in adjacent peptidoglycan layers. Once students correctly respond that the NAMs form linkages between the layers, follow up by asking how these linkages are formed. Emphasize that these bonds cannot be formed spontaneously; they require catalysis by enzymes like nearly all biological reactions.
Scene 4: What enzymes catalyze crosslinking of NAM molecules between peptidoglycan layers? Where are these enzymes located within the cell?
Guide students through the nomenclature by reminding them of the suffix for enzymes, -ase, and the type of bond being formed (a peptide bond) until they generate the correct answer: transpeptidase. If students have not already mentioned penicillin-binding proteins (PBP), explain that historically, transpeptidases were named penicillinbinding proteins because the proteins bind penicillin. Request volunteers to act as transpeptidases (PBPs) and deliver name tags to them (Appendix 3). If students are not sure where PBPs are located, remind them of the function of transpeptidase and to consider the location of a protein that acts on the cell wall. When students have correctly determined that the enzyme is in the cell membrane, position the PBPs within the lipid membrane formed by students in Act I. It should be discussed that the transpeptidase enzyme catalyzes a transpeptidation reaction, forming the peptide bonds between the NAM subunits. It should be emphasized that without the transpeptidase enzyme, the peptide bonds between NAM monomers would not be formed. The instructor will demonstrate that the catalytic site of the volunteer PBPs exists as two hands forming a "C" shape (Appendix 5). Direct the PBPs to use their catalytic site, their two hands shaped as "C"s, to physically link NAM molecules between the layers (Appendix 5). Instruct the PBPs to take the arms, which fit perfectly into their C-shaped hands, of two NAM molecules and physically bring their arms together to form clasped hands or gripped arms (Appendix 5). Once the PBPs have completed all of the NAM-NAM transpeptidation reactions, instruct the PBPs to return to their actual location within the membrane. Finish Act II by discussing how the many linkages of NAM and NAG within each layer and NAM and NAM between layers create a unified, robust structure.
Points of confusion or clarification in Act II:
• N-acetylglucosamine (NAG). Students may incorrectly state that NAG stands for N-acetylglutamic acid or N-acetylglutamine. Take time to clarify that NAG is an abbreviation for N-acetylglucosamine.
• Disorganization. The number of students acting as NAG and NAM can cause disorder when trying to form alternating layers. Assigning one or two students to direct others may reduce this transition time.
• Peptide linkages between NAM molecules. Even in upper division classes, students might not know which molecules are linked by peptides. Encourage the students to discuss with a neighbor or find the answer using whatever resources they have available. One student participant developed a mnemonic -"Nobody wants to attach to a NAG."
• PBPs and transpeptidases. Some students may be familiar with the term PBP or transpeptidase. Remind them that these terms are interchangeable and that PBP is the historical term.
• Alternating transpeptide linkages with NAM molecules located within a single layer. When the students labeled PBPs are instructed to form crosslinks, they may form multiple linkages from a single NAM. Allow the students to proceed in this fashion, but once they are finished, ask the class if there are inaccuracies in the model. Discuss the error, as each NAM molecule can only form one crosslink with a NAM molecule in an adjacent layer. Instruct the PBP to correct the transpeptide linkages with provided verbal assistance from non-participating students.
• Proteins in the cell membrane. Instructors should remind students that there are many other proteins located in or attached to the cell membrane. The PBP/transpeptidase is the only one relevant to this activity.
• Transpeptidases are specific to bacteria. To facilitate transition into Act III, mention that the presence and function of transpeptidases represent differences between eukaryotes and prokaryotes. Eukaryotic cells do not need this protein since they lack cell walls.
• Differences between real bacterial transpeptidases and students acting as transpeptidases. Instructors should emphasize that real bacterial transpeptidases remain associated with the cell membrane while catalyzing the transpeptide linkages between NAM molecules. However, since humans are unable to "stretch" far enough, the students acting as transpeptidases will need to physically leave the cell membrane to establish transpeptide linkages between NAM molecules.
• Each NAM forms a single transpeptide crosslink. As the student PBPs established linkages, they linked both arms of each NAM with NAMs located in both adjacent layers. After discussing that each NAM molecule forms a single transpeptide crosslink, students were asked to discuss how crosslinks between the many layers of peptidoglycan could be established. After some discussion, the students determined that the NAM molecules were crosslinked in an alternating format. Subsequently, the PBPs returned to their duties as transpeptidases and fixed the transpeptide bond patterns so that the NAMs were cross linked in alternating layers. The instructor should tell the students to imagine that there are 50 layers of NAG-NAM and that each layer has alternating interactions with the adjacent layer to create mechanical strength vertically and horizontally in the two-dimensional plane.
Act III: β-Lactam Antibiotics -Mechanism of Action
Act 3 takes approximately 10 minutes and addresses SLO 4:
• Demonstrate how β-lactam antibiotics inhibit transpeptidases (penicillin binding proteins, PBP), preventing the formation of the peptidoglycan cell wall. Cast This act will not add any additional cast members.
Props
• 4-5 plastic hollow balls labelled "penicillin".
Notes:
• Depending on the previous classes taken, students may not have a complete understanding of the mechanism of action of penicillin. Even if students have previously learned the mechanism of action, it is possible that they have forgotten it.
Introduce and describe Act III.
Now that cell membrane and peptidoglycan layers of Gram-positive bacterium are established, this brief act will introduce to students the mechanism by which penicillin kills Gram-positive bacteria. A penicillin labelled plastic ball will visually serve as an inhibitor to PBP, making the students who act as PBP unable to form new crosslinks. By the end of the act, students should understand that penicillin binds irreversibly to the PBP active site (the PBP student's C-shaped hand), preventing it from functioning as an enzyme.
Suggested Prompts Scene 1: How do PBPs catalyze the formation of peptide crosslinks? What active site was needed for transpeptidation? How does the conformation of the active site affect its function?
Students should describe how the PBPs were able to crosslink the layers of peptidoglycan by physically joining the arms or hands of NAMs. Remind the students that the PBP C-shaped hands served as the active site -the portion of the enzyme which allows it to carry out its function. Encourage the PBPs to try to join the arms of the NAM molecules when their hands are in a different conformation, e.g. balled in a fist. Students should recognize that the specific structure of the site is needed to function correctly.
Scene 2: How does penicillin kill bacteria?
At this point, introduce the penicillin props and toss them to the PBPs. The PBPs should catch the penicillin-labeled plastic balls easily with C-shaped hands. Once the penicillin-labeled plastic balls are successfully caught, note that their hands, representing the PBP active site, are maintained in the C shape. Inform the students that binding to penicillin by PBPs is irreversible and that they must continue holding the ball. Ask students to demonstrate transpeptidation while holding the penicillin; they should see that the occupied active site is no longer capable of catalyzing reactions. Finish the act by discussing that without the enzymatic action of PBP, the peptide crosslinks are not established. Without the ability to form crosslinks, new layers of functional peptidoglycan cannot be formed, which impairs the bacterial cell's ability to grow or divide.
Points of confusion or clarification in Act III:
• Active site of PBP. PBP can only link two NAM molecules via its active site. Thus, when the PBP active site is blocked by penicillin, it loses the ability to form peptide bonds between NAM molecules.
• Penicillin-mediated killing of bacteria. Students may have difficulty connecting discussion of active sites to the mechanism of action of penicillin. Reminding students that antibiotics disrupt processes necessary to cell survival may help.
• Use of foam balls to represent penicillin molecules. In the current exercise, we used hollow plastic balls labeled as "penicillin". Since some instructors may not toss the plastic balls well and/or some students may not catch the plastic balls well, instructors may choose foam balls to avoid accidentally hitting students with the plastic balls.
ACT IV: Methicillin Resistance
Act 4 takes approximately 10 minutes and addresses SLOs 5 and 6:
• Explain how methicillin resistance is genetically acquired by Staphylococcus aureus.
• Demonstrate how β-lactam antibiotics are unable to bind alternate transpeptidases (PBP2a') due to a modified (or altered) active site. Cast
• 4 students acting as PBP2a' enzymes.
Props
• 4 plastic balls labeled "methicillin".
Notes:
• If the class size is small, limit the number of PBP2a participants to two students if necessary.
• With a larger class, more students can act as PBP2a' enzymes.
Introduce and describe Act IV.
In this act, instructors will demonstrate to students how antibiotic resistance is acquired in S. aureus strains. Students should understand how a change in the shape of the PBP active site will enable peptide crosslinking, but prohibit penicillin binding.
Suggested Prompts Scene 1: How does S. aureus become resistant to β-lactam antibiotics?
Since bacteria often have multiple strategies for generating antibiotic resistance, students will likely not know which mechanism is the most prominent in clinical S. aureus strains. Take this opportunity to briefly discuss the different strategies that bacteria use to become resistant to β-lactam antibiotics. Allow the discussion to progress until students learn that in clinical strains of S. aureus, β-lactam resistance most commonly results from acquisition of PBPs (e.g., PBP2a') with low or no binding affinity for β-lactam antibiotics. Inform students that when the mecA gene is acquired by S. aureus, expression of PBP2a' occurs.
Scene 2: Is the activity of PBP2a' the same as PBP? Can PBP2a' bind methicillin?
To model how S. aureus becomes resistant to methicillin, ask for volunteers to act as PBP2a' enzymes. Instruct students representing PBP2a' to replace the existing PBP enzymes located in the cell membrane. Explain that the new PBP2a' transpeptidases have the same catalytic activity, but that their active site is slightly altered or different. Instruct the PBP2a' enzymes to hold their hands in an L-shape instead of the normal C-shape (Appendix 5). Their fingers should be flat and perpendicular to their palms (Appendix 5). The students should understand that even with the altered binding site, they can establish the same crosslinks by binding the wrists of students acting as NAM molecules. Instruct the PBP2a' enzymes to form the peptide cross linkages between NAMs in the peptidoglycan using their L-shaped binding sites (Appendix 5). Once they return to the cytoplasmic membrane, instruct the PBP2a' to try to catch the plastic balls again. These balls represent methicillin and other β-lactams (penicillin or ampicillin) for which methicillin-resistant S. aureus (MRSA) strains have established resistance. These methicillin-labeled plastic balls should be too round to fit into the angular, L-shaped binding sites of the PBP2a' enzymes, making the students unable to catch the plastic balls. Despite the presence of antibiotics, their hands are free to continue forming peptide linkages across peptidoglycan layers, thus allowing continued growth of the bacterium.
Points of confusion or clarification in Act IV:
• β-lactam antibiotics. When the plastic balls labelled "methicillin" were introduced, some students appeared confused, since the earlier balls were labelled "penicillin" and the transpeptidase is also known as the penicillin binding protein. Remind students that methicillin and penicillin (and ampicillin, and many more) are β-lactam antibiotics, so the mechanism of resistance can be the same.
• Antibiotic resistance mechanisms. Although this information is presented in the pre-reading chapter, students may struggle to initially understand the mechanism in which MRSA can become resistant. Students may be familiar with β-lactamases or point mutations, and although these are valid answers, it is not the most common mechanism of methicillin resistance in clinical S. aureus strains.
• Horizontal gene transfer. Despite learning about horizontal gene transfer in introductory microbiology courses, students struggled to discern how S. aureus acquired the mecA gene. The students may need extra guidance to remember that plasmids and viruses are capable of transferring extrachromosomal material to bacteria and causing antibiotic resistance.
